to-day irrigation and fertilization management decisions (Jackson, 1984); and for in-season N management (Stone Radiometric data can be useful to determine the impact of field et al., 1996). as corn leaf water stress (Bausch, 1993) and N deficiency texture. The treatments were irrigation at 50 and 75% of calculated (Blackmer et al., 1996). Soybean spectral reflectance at However, the difficulty is that the spectral signal for a With the introduction of site-specific management pracgiven crop is complex because it is simultaneously aftices, there is a need for variable water and N application fected by many soil and plant variables. related to field topographic features such as site elevaSoil texture, moisture, plant cover, and landscape surtion (SE) and slope length. In addition, remotely sensed face roughness could affect soil and plant reflectance in data could be the basis for water, N, and crop managethe visible and NIR wavelength regions (Kollenkark et ment (Jackson, 1984; Blackmer et al., 1996). For examal., 1982 Jackson, 1984 Jackson, , 1987 Begue, 1993; Asner, 1998) . ple, soil-plant reflectance data and spectral vegetation Plant reflectance, NIR/red reflectance ratio, and the indices have been used to characterize soil conditions NDVI were different with stress events, sun angles, culand plant development of several crops (Ahlrichs and tivars, and irrigation and fertilization treatments (DaughBauer, 1983; Bowman, 1989; Richardson et al., 1992; try et al., 1992; Wiegand et al., 1994; Begue, 1993; BlackWiegand et al., 1994; Barnes et al., 1997; Mass, 1998; mer et al., 1996; Stone et al., 1996). Stress events, such Sembiring et al., 1998); detect cotton relative leaf water as drought, reduced spectral estimates of absorbed radicontent, total water potential, and lint yield (Bowman, ation and NDVI in corn and soybean canopies (Daugh-1989; Wiegand et al., 1994; Plant et al., 2000); make daytry et al., 1992 
and total water potential (Bowman, 1989) . The reflected NIR reflectance, normalized difference vegetative index (NDVI), soil wavelengths most sensitive to detecting N deficiencies water, N uptake, and lint yield were significantly affected by irrigation in a corn canopy were 550 and 710 nm based on their (P Ͻ 0.0012). The N treatment had no effect on spectral parameters, correlation with grain yield (Walburg et al., 1982; Black- and interaction between irrigation and N fertilizer was significant on mer et al., 1996) . Both water and N stresses altered plant NIR reflectance (P Ͻ 0.0027). All spectral and agronomic parameters reflectance and lowered normalized difference vegetameasured were associated with SE. The red and NIR reflectance and tive index (NDVI) values (Plant et al., 2000) . Cotton NDVI were cross-correlated with soil water, sand, clay, and SE across lint yield was significantly correlated with soil water and a distance of 60 to 80 m. Characterization of plant and soil reflectance sand contents (Li et al., 2001a) , red and near-infrared and their spatial structure can be the basis for variable N application (NIR) reflectance, and NDVI  on heterogeneous fields to increase N use efficiency. Plant et al., 2000; Li et al., 2001b) , and temporal patterns of cotton reflectance were related to plant growth at different stages (Plant et al., 2000; Li et al., 2001b) . W ater and N availability are recognized as limThese results suggest that it may be possible to use iting factors for cotton production in the semiarid spatial and temporal patterns of plant reflectance and southern High Plains of Texas where most agricultural spectral index for in-season water and N management. fields are characterized by surface elevation undulation.
However, the difficulty is that the spectral signal for a With the introduction of site-specific management pracgiven crop is complex because it is simultaneously aftices, there is a need for variable water and N application fected by many soil and plant variables. related to field topographic features such as site elevaSoil texture, moisture, plant cover, and landscape surtion (SE) and slope length. In addition, remotely sensed face roughness could affect soil and plant reflectance in data could be the basis for water, N, and crop managethe visible and NIR wavelength regions (Kollenkark et ment (Jackson, 1984; Blackmer et al., 1996) . For examal., 1982; Jackson, 1984 Jackson, , 1987 Begue, 1993; Asner, 1998) . ple, soil-plant reflectance data and spectral vegetation Plant reflectance, NIR/red reflectance ratio, and the indices have been used to characterize soil conditions NDVI were different with stress events, sun angles, culand plant development of several crops (Ahlrichs and tivars, and irrigation and fertilization treatments (DaughBauer, 1983; Bowman, 1989; Richardson et al., 1992; try et al., 1992; Wiegand et al., 1994; Begue, 1993; BlackWiegand et al., 1994; Barnes et al., 1997; Mass, 1998; mer et al., 1996; Stone et al., 1996) . Stress events, such Sembiring et al., 1998) ; detect cotton relative leaf water as drought, reduced spectral estimates of absorbed radicontent, total water potential, and lint yield (Bowman, ation and NDVI in corn and soybean canopies (Daugh-1989; Wiegand et al., 1994; Plant et al., 2000) ; make daytry et al., 1992) . Weather variability also affected canopy spectral characteristics because NDVI traits measured (van Es et al., 1989; van Es and van Es, 1993;  10.1 (50% ET) and 7.6 and 15.2 (75% ET) mm every 3 d, Lascano et al., 1999; Cassel et al., 2000; Li et al., 2001a surements. This calibration was because field measurements west to east and gradually downward from south toward the of reflectance factors generally involve the measurements of center, and then it gently rolls upward to the north. The surface radiance from a reference panel or a target with the radiometer soil is structureless, brown (7.5YR 5/4; 4/4, moist), well drained, (Jackson et al., 1987 (Jackson et al., , 1992 . In addition, a dry soil reference and highly erodible. The soil is classified as an Amarillo sandy was measured on a 0.6-by 0.5-m soil tray (fairly constant loam (mixed, superactive, thermic Aridic Paleustalf). The surreflectance with time) to further verify the calibration, as indiface soil layer is underlaid by soft, pink, caliche material, and cated by Jackson et al. (1987) , to account for any drift in the depth to caliche varied between 0.65 and 1.45 m. The the calibration factors and any unexpected changes due to surface soil (0-0.3 m) contained on average 810 g kg Ϫ1 sand equipment problems that could occur during the season. Specand 140 g kg Ϫ1 clay. Additional information about this soil is tralon and soil tray readings were taken twice simultaneously given in Li et al. (2001a) .
at the beginning and the end of each field reflectance measureThe 2-yr field study started in May 1998. The experimental ment event, as suggested by Jackson et al. (1987) . area was 32 m wide and 700 m long across an altitude between Leaf area index was simultaneously measured with a LAI-890.8 and 894.6 m above sea level. The experimental treat-2000 Plant Canopy Analyzer (LI-COR, Lincoln, NE) at the ments consisted of irrigation at 50% and 75% of cotton potenreflectance measurement positions using the method of Hicks tial evapotranspiration (ET) and N fertilization at rates of 0, and Lascano (1995) . Monthly soil water content (SWC) was 90, and 135 kg ha Ϫ1 arranged in an incomplete block of size-2 measured in 0.3-m increments to a 1.8-m depth using a neutron design and selected to minimize effects of field heterogeneity probe (Model 503 Hydroprobe, CPN Corp., Martinez, CA). on outcome of treatments (van Es et al., 1989; van Es and Neutron readings were field-calibrated with gravimetric SWC van Es, 1993). There were four replicates for the N treatment measured at the same soil depth from samples taken three reference (control) and N at a rate of 135 kg ha Ϫ1 and five times during the growing season. In addition, monthly surface replicates for N at a rate of 90 kg ha Ϫ1 . Plot size was twelve (0-0.06 m) SWC was measured at reflectance measurement 1-m rows wide and 50 m long. Cotton ('Roundup Ready 2326') sites in 1999 with a frequency-domain sensor (ThetaProbe, was seeded at a rate of 16.8 kg ha Ϫ1 in early May each year.
Delta-T Devices Ltd., Cambridge, England) using the method Fertilizer N {urea [(NH 2 ) 2 CO], 32-0-0} was fractionally apof Lascano et al. (1999) . Site elevation was measured using a plied into soils on rows by a chisel at emergence at a rate of SL 2001/3001 L-Band Receiver (Satloc, Scottsdale, AZ), which 45 kg ha
Ϫ1
; at bloom (beginning of July) for the 90 kg ha Ϫ1 was calibrated with USDA-NRCS measurements. rate; and at emergence, bloom, and first square stage (midIn each plot, 16 to 32 plants were sampled from four 5-by July), respectively, for the 135 kg ha Ϫ1 rate. In-season insect 25-m areas, beside reflectance measurement locations, on a and weed controls were applied according to regional recommendations.
10-d interval from early June to harvest. Root length and fresh and dry matter of roots, leaves, stems, bolls, and seeds were
measured. Plant samples were dried at 70ЊC until constant weight and ground to 0.5 mm. Total plant N was determined using a LECO FP-528 Analyzer (Leco Corp., St. Joseph, MI).
Soil was sampled on the row within 0.5 m of each neutron access tube to a depth of 1.8 m in 0.3-m increment at emergence, bloom, and harvest. Soil samples were air-dried and where n(h ) in Eq.
[2] is the number of pairs of sample points sieved to 2 mm. Soil texture (n ϭ 52 per ET) was measured at distance h apart, y i is the y value at point i, x i؉h is the x using the hydrometer method (Gee and Bauder, 1986) , with value at point i ϩ h, h is the lag or the distance between soils sampled in July 1998. The 0.1 M KCl extractable NO 3 -N measurements, and x and ȳ are the mean of all measurements (Technicon Ind. Syst., 1986) was measured using a Technicon of x and y, respectively (Cassel et al., 2000) . In Eq.
[3], x and Auto-Analyzer II C (Technicon Instruments Corp., Tarryy are the standard deviations of x and y, respectively. town, NY). Cotton lint was hand-harvested from four 1-by 4-m areas at reflectance measurement locations in early Octo-
Data Statistics and Mapping
ber of each year.
Regression analysis of relationships between spectral and agronomic variables and SE were evaluated using the General
Reflectance Discrimination and Calculations
Linear Models procedure (SAS Inst., 1990) . The effects of irrigation and N fertilizer on multispectral cotton reflectance, The spectral radiometer readings were calibrated with a SWC, PWC, total N uptake, and cotton lint yield were tested reflectance correction factor, which was calculated by applying using the PROC MIXED model procedure (Little et al., 1996) . the dark millivolt readings at 25ЊC, temperature sensitivity
The cross correlation covariance and cross covariance function constants, up-facing sensor cosine parameters, and sun angle of the reflectance, lint yield, soil texture, and topography were values (CropScan). Then, the converted spectral reflectance determined using the AutoRegressive Integrated Moving Avwas expressed as percentage of reflectance, a ratio of output erage (ARIMA) procedure (SAS Inst., 1993) . Cotton NDVI in millivolt of down and up sensors. This was multiplied by a maps were generated using data measured in a 2-by 6-m grid correction factor (a ratio of the known Spectralon reflectance across the plots at plant maturity in August each year using factors to Spectralon readings) to obtain corrected field reflecMapInfo 6.0 (MapInfo Corp., Troy, NY). tance values. Soil reflectance was discriminated in the red band between 648 and 674 nm, and plant reflectance was discriminated in the NIR band between 797 and 829 nm. N treatments had no effect on reflectance data (Table 1) 
RESULTS

Total
[1] the means of all N treatments were plotted in Fig. 1 . Sensor outputs are typically in the green, red, NIR, and
The spatial correlation between two variables x (soil texture MIR portions at center wavelength of 460, 559, 661, or SE) and y (cotton reflectance, NDVI, or lint yield) was 810, and 1650 nm, respectively (Fig. 1) . In June, red determined with the cross correlation covariance [C xy (h )] and (637-674 nm) reflectance was higher (Fig. 1a) , which the cross covariance function [␥ xy (h )], as described by Cassel et al. (2000) as follows:
corresponded to a higher percentage of exposed soil sur- (Fig. 1a) . The NDVI and LAI (determined in 1998) increased proportionally with increasing irrigation level (Fig. 2) . The peak of NIR reflectance was measured in mid-August at plant maturity. As a result of a decrease in LAI (from peak of NDVI curve was situated towards the end of August. High NDVI was a result of an increase in the 2.5 to 1.8) near the open-boll growth stage in September, the red increased, and reflected NIR decreased simulta-NIR band and a decrease in the red band. The NDVI was low at early vegetative growth stage and harvest neously (Fig. 1a) .
The spectral curves also showed the mean monthly because the composite reflectance was high in the red band due to less plant ground cover. reflectance as a function of irrigation level. The dry soil in the tray reflected highly in the red and increased in
The NDVI and N uptake followed an S-shaped growing pattern from vegetative stage to open boll (towards the MIR band between 1523 to 1752 nm (Fig. 1b) . The plant absorbed blue and red energy more than green end of August) and then declined ( Fig. 3a and 3b) .
Because there was no difference in agronomic parameand more strongly reflected NIR energy compared with the dry soil. Compared with the 50% ET, there was a ters between N rates, variables in Fig. 3 were plotted with means of all N treatments. In 1999, the maximum relatively higher absorption of blue (447-476 nm), red, and MIR energy and a higher reflection of green (546-average NDVI (n ϭ 52), determined on 24 August, was 0.67 (range of 0.51-0.82) at the 50% ET and 0.73 (range 571 nm) and NIR energy on the 75% ET plots (Fig. 1b) . In the MIR band, the reflectance is related to PWC. of 0.53-0.87) at the 75% ET. As shown in Fig. 3a and 3b, the NDVI increased quickly at the vegetative stage Higher NIR and lower red and MIR reflectance with the 75% ET indicated more vigorous plant growth (mean and reached its maximum level before the highest N uptake ( Fig. 3a and 3b ) level was measured. Maximum LAI values of 2.4 vs. 2.0) compared with the 50% ET (Fig. 1b) .
total N uptake by cotton-including N in roots, leaves, stems, bolls, and seeds-was 178.2 and 209.5 kg ha Ϫ1 in The NIR and red reflectance-based NDVI, calculated with Eq. [1], showed a temporal pattern comparable to 1998 and 168.1 and 185.3 kg ha Ϫ1 in 1999 at the 50 and 75% ET, respectively. Typically, total N uptake, that of LAI (Fig. 2) . Because there was no effect of N on NIR and NDVI (Table 1) , data plotted in Fig. 2 were measured in 1999, varied from 3.2 to 17.3 kg ha Ϫ1 in the mean of all N treatments. The LAI varied between early July (Fig. 3a and 3b) . From bloom (beginning 0.1 and 2.7 during the two growing seasons. In 1998, the of July) to open boll (end of August), total N uptake maximum average NDVI (n ϭ 52) was 0.69 (range of increased exponentially from 24.4 to 120.6 kg ha Ϫ1 and from 35.0 to 132.3 kg ha Ϫ1 at the 50 and 75% ET irrigation levels, respectively. The N uptake reached a maximum in early September and then declined at the beginning of plant defoliation ( Fig. 3a and 3b) . Cotton PWC and plant fresh biomass (PFB) development showed an S-shaped pattern, as demonstrated by the measurements taken in 1999 ( Fig. 3c and 3d ). Maximum PFB was 30.6 and 34.7 Mg ha Ϫ1 in 1998 and 31.2 and 35.3 Mg ha Ϫ1 in 1999 at the 50 and 75% ET, respectively. Maximum PWC totaled 22.9 and 25.3 Mg ha Ϫ1 in 1998 and 23.3 and 26.5 Mg ha Ϫ1 in 1999 at the 50 and 75% ET, respectively. The PWC and PFB values were significantly higher (P Ͻ 0.0246) at the 75 than the 50% ET irrigation level. Before bloom (beginning of July),
Fig. 2. Temporal patterns of normalized difference vegetative index
total PWC and PFB were minimal and similar for the (NDVI) and leaf area index (LAI) as a function of irrigation level, two irrigation levels ( Fig. 3c and 3d) . From bloom (midmeasured in 1998. Data were mean of N treatments because N fertilizer had no effect on NDVI and LAI. ET, evapotranspiration.
July) to boll maturity (towards mid-September), PFB
Fig. 3. Temporal patterns of the (a and b) normalized difference vegetative index (NDVI) and N uptake and (c and d) cotton plant water content (PWC) and plant fresh biomass (PFB) at the 50 and 75% evapotranspiration (ET) irrigation levels, measured in 1999.
Data were the mean of N treatments because N fertilizer had no effect on these variables.
in 1998 than 1999; standard deviations were 118 and increased exponentially from 3.59 to 29.1 Mg ha Ϫ1 at 186 kg ha Ϫ1 in 1998 compared with 146 and 144 kg ha
Ϫ1
the 50% ET and from 3.67 to 34.2 Mg ha Ϫ1 at the 75% in 1999 at 50 and 75% ET, respectively. The fixed effect ET. The PWC increased from 2.77 to 21.7 Mg ha Ϫ1 and of irrigation, determined with a mixed-model procedure, from 2.78 to 25.9 Mg ha Ϫ1 at the 50 and 75% ET irrigawas significant on all measured spectral and agronomic tion levels, respectively. From these peaks, PWC and parameters. The fixed effect of N fertilizer was only PFB values declined as cotton bolls opened. Maximum significant (P Ͻ 0.0281) on lint yield in 1999 (Table 1) . dry matter was 7.91 and 8.75 Mg ha Ϫ1 , or 25.3 and 24.6%
Interaction between irrigation and N fertilization was of the total PFB, for the 50 and 75% ET irrigation levels, significant only on reflectance in the NIR band (P Ͻ respectively. The PWC and PFB patterns (Fig. 3c and 0.0152) in 1998, but the interaction was very significant 3d) showed a similar trend to N uptake ( Fig. 3a and 3b) .
on red and NIR reflectance as well as NDVI in 1999 (Table 1) .
Mixed Effects of Irrigation
The random effects of the mixed-model variance comon Spectral Reflectance ponents (block and treatments) were not significant (Table 2). However, the model residual was significant on Mean cotton lint yields were 704 and 962 kg ha Ϫ1 in all measured spectral and agronomic parameters. The 1998 and 819 and 924 kg ha Ϫ1 in 1999 at 50 and 75% ET irrigation levels, respectively. Lint yield varied more Z-statistics for these model variance components are based on asymptotic normality. Except for the N uptake and 4d). The NIR reflectance (center 810 nm) was significantly higher (Table 1) on 75% ET plots (44.5%) than in 1999, all Z-statistics values varied between 6.36 and 6.56, with P ϭ 0.0001 (Table 2) . The model residual on 50% ET plots (41.9%). Correspondingly, the narrow red reflectance (center 661 nm) was significantly lower effects consisted of the covariance of other independent variables such as SE, slope length, and soil texture. (Table 1 ) on the 75% ET (6.8%) than the 50% ET plots (8.3%). Compared with the 75% ET, the MIR reflectance (center 1650 nm) was higher at the 50% ET
Spatial Patterns of Reflectance Related
(24.9 vs. 22.1%). From south to north across the field, to Elevation and Soil Water and Texture the consistent trend was that the NIR reflectance was The spectral reflectance in the visible red, NIR, and higher (48 vs. 41%) on lower positions than on upslopes MIR band varied with irrigation level, SWC, soil texwhile red and MIR reflectance increased (6.8 to 10.6% ture, and SE. In mid-August 1998, when the seasonal and 22.3 to 30.8%, respectively) towards the northern maximum NDVI was determined, the average (all plots, upslope areas ( Fig. 4a and 4b) . Spectral soil and cotton n ϭ 52 per ET) red, NIR, and MIR reflectance was 7.2, plant characteristics seem to be linked to irrigation level 45.9, and 23.7%, respectively, on the 75% ET plots comand SE variability. pared with 10.3, 42.0, and 30.1%, respectively, on the Soils in depression areas (middle field) were found 50% ET plots. As a result, differences in NIR reflecto contain more sand on the surface than on northern tance (797-829 nm) and red reflectance (648-674 nm) upslope areas, which also modified the spatial pattern were significant (Table 1) .
of reflectance in red, NIR, and MIR bands across the Variations of spectral reflectance with SWC and SE field. Sand content (in 0-0.3 m soil) was higher (740-are shown in Fig. 4 when the spectral and SWC measure-828 g kg Ϫ1 ) on depressions (center field) where the ments were taken across all plots at plant maturity in NIR reflectance increased but red and MIR reflectance mid-August 1999. The surface SWC (0-0.06 m), which decreased (Fig. 4) . The NIR reflectance decreased from would influence spectral soil and cotton plant reflec-50 to 44%, but red and MIR reflectance increased from 8 to 11% and from 22 to 28%, respectively, towards the tance, ranged between 0.060 and 0.273 m 3 m Ϫ3 (Fig. 4a northern upslope area where sand content was lower The reflectance in the NIR band (797-829 nm) was (620-790 g kg Ϫ1 ). As a result, the NDVI showed a close exponentially related to PFB (R 2 ϭ 0.93; Fig. 5a ), illusdependence on sand content. At plant maturity in Autrated with data measured on 75% ET plots in 1998. gust, the higher NDVI values (0.6-0.8) were measured
The reflected NIR energy increased more quickly with on depressions in the center of the field, and the NDVI an increase of PFB at early vegetation than late in the was lower on the northern upslope areas where soils season (Fig. 5a ). The NIR reflectance was near 50% contained more clay (194-274 g kg Ϫ1 ) but less sand than of the total reflected radiance when the PFB ranged in other parts across the plots (data not shown).
between 2500 and 2800 g m Ϫ2 (Fig. 5a ). The reflectance in the MIR band (1523-1752 nm) was exponentially
Correlation of Cotton Spectral and Agronomic
sensitive (R 2 ϭ 0.90) to PWC in 1998 (Fig. 5b) . The
Variables and Field Heterogeneity
MIR reflectance was lower with higher PWC. The MIR reached the lowest level (22-25% of the total reflected Spectral reflectance in the blue, green, red, and MIR radiance) when plants contained 1800 to 2000 g m
Ϫ2
bands was positively correlated with SE and clay conwater (Fig. 5b) . tent, but the NIR reflectance, NDVI, and NIR/red ratio The SE explained the largest portion (60-62%) of red had a negative correlation relationship with these two and NIR reflectance variation (Fig. 6) . The monthly mean field-heterogeneity variables (Table 3) . The SE and sand red reflectance increased (Fig. 6a) while NIR reflectance content were also closely linked to SWC, cotton lint yield, decreased significantly ( Fig. 6b) with increasing SE. The and total N uptake (2-yr mean). The negative or positive spatial distribution of the NDVI was heterogeneous. As correlation coefficient (r) indicated that higher lint yield shown in Fig. 7 , the NDVI values determined in midand N uptake and more SWC accumulation were associAugust were also heterogeneously distributed in the ated with low elevation and high sand content (Table 4) .
area with the same irrigation and N fertilization level. The reflectance in the visible, NIR, and MIR bands was As a result of significant interaction between irrigation highly correlated with each other (Ϫ0.67 Ͻ r Ͻ 0.98).
and N fertilizer on NIR reflectance (Table 1) , NDVI There was a negative correlation of blue, green, red, was higher in the 90 kg N ha Ϫ1 plot (Fig. 7a ) than in and MIR reflectance with lint yield, N uptake, and SWC.
the 135 kg N ha Ϫ1 plot (Fig. 7b) . The 75% ET plots Red and MIR reflectance was also negatively correlated had higher NDVI values (Ն0.74) with higher frequency with PWC (Table 4) . Conversely, the NIR reflectance, (Ն15%) compared with the 50% ET plots. The hetero-NDVI, and NIR/red ratio were positively correlated with these parameters (Table 4) .
geneous distribution of the NDVI in the area with the 
Cotton Spectral Characteristics and Soil
N uptake, and plant growth.
and Site Elevation Variability
The association of the spectral reflectance variability
Cross Correlation Distance between Variables
with soil water and texture and SE was spatially cross There was a positive and/or negative feedback relacorrelated (Fig. 8) , which quantified the spatial correlationship between NIR and red reflectance, NDVI, soil tion structure of the reflectance in red, NIR, and MIR water, clay, sand, and SE (Fig. 8) . Their cross correlation bands across the field. The most significant changes in covariance [C xy (h)], calculated with Eq. [2], ranged bespectral reflectance associated with SE were an increase tween Ϫ2.639 and 2.532 along the 50 and 75% ET plots.
of the response in the visible region and a decrease in As illustrated in the scatter diagram (Fig. 8) , the cross the NIR reflectance (center 810 nm) at higher elevations correlation functions [␥ xy (h)], calculated with Eq. [3], (Fig. 4) . Differences in NIR reflectance can be attribvaried between Ϫ0.68 and 0.64. Considering the 95% uted to differences in canopy density and PFB; red enconfidence level as described by Cassel et al. (2000) , the ergy is absorbed by leaf chlorophyll, with little transmit-NIR reflectance (Fig. 8a) and NDVI (Fig. 8b) were ted or reflected, and NIR absorption is nearly zero, and positively cross-correlated with SWC across a lag disreflectance and transmittance are high. There was a tance of Ϯ30 m (or separation distance of 60 m). The great difference in plant density (on average 11 vs. 7.5 NDVI and sand (Fig. 8c) and red reflectance and clay plant m Ϫ2 ) and PFB (on average 32.5 vs. 23.5 Mg ha Ϫ1 ) (Fig. 8d) were also positively cross-correlated with each between lower and higher elevations across the field. other across a distance between 60 and 75 m. The cross The plant density, measured at the vegetative and bloom correlation distance between SE and NIR reflectance, growth stage at each plot, was higher (10-12 plant m Ϫ2 ) NDVI, and red and MIR reflectance varied between 60 on lower positions in center field areas than on northern and 80 m (Fig. 8e, 8f , 8g, and 8h). As the lag distance upslope areas (6-9 plant m Ϫ2 ), and PFB had the same increased, these cross correlation functions positively or trend, with higher values (30-35 Mg ha Ϫ1 ) on lower areas negatively approached zero at a lag distance Ն Ϯ180 m and lower values (19-28 Mg ha Ϫ1 ) on higher areas. In June 1999, there was evidence of soil erosion with rye- (Fig. 8) . the reflectance characteristics of grassland canopies. Our results demonstrated that small increases in SE had a large effect on cotton canopy reflectance as indicated by the R 2 values (Fig. 6) . Sand content appears to have more impact on spectral reflectance, soil water, and lint yield than does clay (Table 4) . Surface soils (0-0.3 m) in depressed areas contained on average 10% more sand than on northern upslope and summit where soils had 8% more clay (127-234 g kg Ϫ1 ) than on depressed areas (116-210 g kg Ϫ1 ). Sand has accumulated in the surface layer in depressed areas where the surface soil dried, but the subsoil contained more water (Fig. 4) where there was a higher plant density. As a result, NIR increased in depressed areas where surface soil contained more sand and less clay, which led to a negative correlation between visible reflectance and sand and SE (Table 3) . Because higher sand content was found on downslope areas where NIR reflectance increased, correlations between sand and visible reflectance were negative (Table 3) .
135 kg N ha Ϫ1 plot on 15 Aug. 1998. ET, evapotranspiration.
Increasing SWC resulted in an increase of PWC, PFB, N uptake (Table 4) , and NIR reflectance but a decrease grass (Lolium sp.) (previous crop) residues and younger of reflectance in the visible and MIR bands (Fig. 4) . plants pulled off from upslope to footslope areas due to Jackson (1984) and Bowman (1989) reported that NIR the rain. The decline of plant density led to an increase in and MIR reflectance varied primarily as a function of soil exposure; therefore, red reflectance increased due leaf water content. Reflectance in the NIR band is deterto soil contribution while NIR reflectance decreased on mined by plant cell structure and chlorophyll and leaf upslope areas (Fig. 4) where there was less plant coverage.
N content, which were positively correlated (Bausch and Conversely, red reflectance decreased, but NIR reflecDuke, 1996). Our results suggested that a decrease in tance increased in depressions in the center of the field visible reflectance and an increase in NIR reflectance where plant density and SWC were greater. Asner (1998) would indicate a higher water and N content in plants also reported that standing litter significantly affected based on the r values (Table 4) .
Treatments and Field Heterogeneity
The amount of irrigation and interaction between irrigation and N fertilizer also appeared to significantly affect spectral plant and soil reflectance, N uptake, and lint yield (Table 1) . Soil NO 3 -N amounts could explain the lack of cotton response to N treatments. In this field, N fertilizer at a rate of 190 kg ha Ϫ1 yr Ϫ1 has been applied to the soil for the last 5 yr. The soil NO 3 -N (including residual and fertilizer N) in the effective root zone (0-0.9 m) at bloom was 179 Ϯ 83 kg ha Ϫ1 at the 50% ET and 174 Ϯ 76 kg ha Ϫ1 at the 75% ET in July 1998, and the soil NO 3 -N was declined but remained moderately high (103 Ϯ 30 kg ha Ϫ1 at the 50% ET and 120 Ϯ 42 kg ha Ϫ1 at the 75% ET) in early May (before seeding) 1999. Therefore, larger amounts of soil NO 3 -N was one of the factors causing no effect of N treatments on the spectral and agronomic parameters in 1998 (Table 1) , and the effect of N rates on lint yield and interaction between the treatments on the red and NIR reflectance and NVDI was significant (Table 1) .
Poor rain infiltration and resulting runoff might have influenced cotton response to the treatments. Significant (190% of the 30-yr average). The SWC in the rooting
